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Mammalian studies have implicated important roles for the basic helix– loop–helix transcription factor Ptf1a-p48 in the development of
both exocrine and endocrine pancreas. We have cloned the Ptf1a-p48 ortholog in Danio rerio. Early zebrafish ptf1a expression is observed in
developing hindbrain and in endodermal pancreatic precursors. Analysis of ptf1a and insulin expression reveals a population of exocrine
precursors that, throughout early development, are temporally and spatially segregated from endocrine elements. Morpholino-mediated
knockdown of ptf1a confirms early divergence of these endocrine and exocrine lineages. Ptf1a morphants lack differentiated exocrine
pancreas, but maintain normal differentiation and organization of the principal islet. In addition to the exocrine phenotype, ptf1a knockdown
also reduces the prevalence of a small population of anterior endocrine cells normally found outside the principal islet. Together, these
findings suggest the presence of distinct ptf1a-dependent and ptf1a-independent precursor populations in developing zebrafish pancreas.
D 2004 Elsevier Inc. All rights reserved.Keywords: Morpholino knockdown; Degenerate PCR; Epithelial precursor; Development; Exocrine pancreas; Endocrine pancreasIntroduction
The morphogenetic events associated with pancreas de-
velopment in mammals have long been established: dorsal
and ventral pancreatic buds form as evaginations from
foregut endoderm, undergo branching morphogenesis, and
give rise to differentiated endocrine and exocrine cell types
(Pictet and Rutter, 1972; Slack, 1995). In the past decade,
significant progress has been made in identifying transcrip-
tion factors and signalingmolecules responsible for induction
of pancreatic anlagen and subsequent maturation of differen-0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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stleach@jhmi.edu (S.D. Leach).tiated exocrine and endocrine cells (Edlund, 2002; Kim and
MacDonald, 2002). Pdx1 is a parahox homeodomain tran-
scription factor necessary for normal morphogenesis of the
pancreatic buds, as well as differentiation of endocrine and
exocrine cell types (Jonsson et al., 1994; Offield et al., 1996).
Developmental expression patterns and loss-of-function
knockout experiments have identified several additional
transcription factors important in subsequent endocrine dif-
ferentiation, including ngn3 (Gradwohl et al., 2000), neuroD
(BETA2) (Naya et al., 1997), Pax4 (Sosa-Pineda et al., 1997),
Pax6 (St. Onge et al., 1997), Nkx2.2 (Sussel et al., 1998), and
Nkx6.1 (Sander et al., 2000). In contrast, comparatively little
is understood of the molecular cascade of events involved in
exocrine pancreatic differentiation.
The basic helix–loop–helix transcription factor Ptf1a
(also known as p48 or Ptf1a-p48) is the pancreas-specific
subunit of the heterotrimeric pancreas transcription factor 1
(PTF1) complex (Krapp et al., 1996). In adults, Ptf1a is
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where it activates expression of digestive zymogens (Rose
et al., 2001). Recent evidence has demonstrated an addi-
tional developmental role for Ptf1a in both endocrine and
exocrine differentiation. Ptf1a is expressed as early as E9.5
in murine dorsal and ventral pancreatic buds (Obata et al.,
2001), and cells expressing Ptf1a are evident throughout
the dorsal and ventral pancreatic epithelium at E10.5.
These Ptf1a-expressing cells appear to represent a progen-
itor population that gives rise to the entire acinar cell mass,
as well as the majority of insulin- and glucagon-producing
cells (Kawaguchi et al., 2002). Reflecting the contribution
of Ptf1a-positive precursors to both endocrine and exocrine
lineages, Ptf1a null mice fail to form either differentiated
exocrine pancreas or normal pancreatic islets (Kawaguchi
et al., 2002; Krapp et al., 1998). A role for Ptf1a in a
common precursor population is further supported by
transient co-expression of Ptf1a with ngn3 and Nkx6.1,
transcription factors normally restricted to the endocrine
compartment (Chiang and Melton, 2003). In addition,
transgenic expression of Pdx1 under control of a 12.5-kb
segment of Ptf1a promoter region has been shown to
partially rescue both endocrine and exocrine defects in
Pdx1 null mice (Kawaguchi et al., 2002), further demon-
strating a likely role for Ptf1a in a common precursor
population.
Growing recognition of the zebrafish (Danio rerio) as a
powerful experimental model for forward and reverse
genetics has sparked expanding interest in zebrafish pan-
creatic development. The embryonic zebrafish pancreas
consists of a principal islet surrounded by exocrine paren-
chyma (Argenton et al., 1999; Biemar et al., 2001). In
contrast to higher vertebrates, the zebrafish pancreas does
not appear to develop as an evagination of foregut endo-
derm (Pack et al., 1996), but instead appears to form in situ
from a monolayer of early anterior endodermal cells (Ober
et al., 2003; Wallace and Pack, 2003). Recent work utilizing
transgenic zebrafish expressing green fluorescent protein in
developing endoderm has identified two structural compo-
nents to the developing zebrafish pancreas: a dorsal, poste-
rior, anlage that coalesces before 24 h post fertilization (hpf)
to form the principal islet, and a ventral, anterior anlage that
emerges at 34 hpf and envelops the principal islet by 54 hpf
(Field et al., 2003).
Despite these altered morphogenetic mechanisms, many
of the signaling pathways and transcription factors utilized
to drive pancreatic development in the zebrafish appear to
be conserved relative to other vertebrate species. For
example, the zebrafish Pdx1 ortholog has been cloned
and shown to have both conserved structure and an
analogous loss-of-function phenotype when compared to
mouse (Huang et al., 2001; Milewski et al., 1998; Yee et
al., 2001). In addition, retinoic acid signaling appears to
play a conserved, pro-pancreatic role in both zebrafish
(Stafford and Prince, 2002) and higher vertebrates (Kadi-
son et al., 2001; Kumar et al., 2003). Zebrafish orthologshave been also been cloned for neuroD, Nkx2.2, Isl1, and
Pax6, with expression patterns in developing pancreas
replicating those seen in mammals (Biemar et al., 2001;
Korzh et al., 1998).
To better understand both unique and conserved mech-
anisms underlying exocrine and endocrine pancreatic devel-
opment, we have cloned the zebrafish ortholog for Ptf1a-
p48. Our studies confirm a conserved role for ptf1a and
identify ptf1a-dependent and -independent lineages in
zebrafish pancreas. In contrast to the mouse, early develop-
ment of zebrafish endocrine pancreas occurs in a ptf1a-
independent manner, suggesting increasing reliance on
ptf1a-dependent programs during vertebrate evolution.Materials and methods
Degenerate PCR and RACE for cloning ptf1a
Human, mouse (NM018809), and rat (NM053964)
Ptf1a sequences were aligned and four forward (F1 5 V-
GCAGTCCATCAACGACGCNTTYGARGG; F2 5 V-
TCCCCACCCTGCCCTAYGARAARMG; F3 5 V-TGC-
GGCGCCGGNGGNTGYGG; F4 5 V-CACCTGGGCGG-
GGAYWSNCCNGG) and five reverse (R1 5 V-GGGCA-
GGTCGGCCTGNACNARYTC; R2 5V- GCAGCCG-
CCGGGNCCNCCRCA; R3 5V-GCGGTCCGGATGATGT-
TYTGYTCYTT; R4 5 V- TCGAAAGGGGGCTC-
GTTYTCDATRTT; R5 5V-CACGAACTCGAAAGGGG-
GYT-CRTTYTC) degenerate primers were designed
according to the method of Henikoff (Rose et al.,
1998) (Fig. 1A). Whole adult zebrafish template cDNA
was generated through oligo-dT primed reverse transcrip-
tion of adult zebrafish total RNA. All 16 logical primer
combinations were employed in attempts to amplify an
ortholog from template cDNA. Successful PCR products
were subcloned and sequenced, confirming that a single,
unique zebrafish ortholog had been obtained. The 362-bp
product from the forward primer F2 and the reverse
primer R4 was extended in both 5V and 3V directions
using the Invitrogen RNA ligase-mediated RACE system.
Sequencing of these RACE products identified the full-
length zebrafish ortholog, ptf1a (GenBank, AY245546).
PTF1a functional assay
An expression construct containing the full-length cod-
ing sequence of zebrafish ptf1a was created by directed
ligation into pCDNA3.1(+) (Invitrogen). Rat Ptf1a, human
E47 and rat Pdx-1 expression constructs were provided by
Drs. Francisco Real, Michael Chin and Doris Stoffers,
respectively. PTF1-luc, a firefly luciferase reporter driven
by a 4 repeat of the PTF1 binding motif from rat
chymotrypsinogen B promoter motif, was obtained from
Dr. Masashi Kawaichi (Obata et al., 2001). Human embry-
onic kidney 293 cells were plated at 90% confluence in 24-
Fig. 1. Vertebrate orthologs of ptf1a/Ptf1a-p48 are highly conserved. (A) ClustalW peptide alignments reveal that orthologs of Ptf1a-p48 are highly conserved
in the basic helix– loop–helix (bHLH) DNA binding domain (red highlight) and the C-terminus. Peptide sequence deduced from cDNA sequences of mouse,
rat, human, and zebrafish orthologs. Blue arrows denote the locations of the four forward (F1 to F4) and five reverse (R1 to R5) primers used for degenerate
polymerase chain reaction. (B) In addition to conservation of peptide sequence, the Danio rerio ortholog also maintains conservation of protein function.
Minimal luciferase activity is observed in 293 cells transfected with PTF1-luc, a luciferase reporter driven by a 4X repeat of the PTF1 motif from the rat
chymotrypsinogen promoter, PTF1-luc and E47, or PTF1-luc plus E47 and Pdx1. In contrast, co-transfection of the PTF1-luc E47, and either rat or zebrafish
orthologs of ptf1a results in high level normalized luciferase activity.
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each transfection group) using lipofectamine 2000 (Invitro-
gen) per the manufacturer’s protocol. All transfections
included a Renilla luciferase control plasmid (Promega
Dual-Luciferase Reporter Assay System) to allow normal-
ization for transfection efficiency. Total DNA content per
well was made consistent by adding stock pCDNA3.1(+)
vector as needed. PTF1-activated luciferase activity was
defined as the ratio of firefly to Renilla luciferase lumines-
cence and is further normalized against luciferase activity
from cells transfected with the PTF1-luc reporter construct
alone.
Animal stocks and embryo care
Wild-type zebrafish (Scientific Hatcheries, California)
were raised according to standard protocols (Westerfield,
2000). Embryos were raised at 28.5jC in E3 with 0.1
ppm methylene blue until 24 hpf, at which point they
were transferred to E3 with 0.003% phenylthiourea (2
mM) to inhibit pigmentation and facilitate whole mount
examination.
Morpholino injection
Ptf1a morphants were created by injecting one of two
antisense morpholinos targeted against either the initiation
codon of ptf1a (ptf1a-MO: 5 V-CCAACACAGTGTCCAT
TTTTTGTGC, underline highlights initiation codon com-
plement) or against sequence 44 bp upstream from the
translational start site (ptf1a-MO2: 5 V-TTGCCCAGTAA-CAACAATCGCCTAC). Injection of either of these mor-
pholinos produced identical phenotypes as measured by
immunofluorescence for insulin and carboxypeptidase A,
or by in situ hybridization for insulin and trypsin (data not
shown). As a control, a 5-bp mismatch of the ptf1a-MO
morpholino was designed (ptf1a-5bp-MO 5 V-Cg AAg
ACAGTGTgCATTTaTTcTGC) and injected into clutchmate
embryos. Pdx1 morphants were generated by injection of a
morpholino targeted against the initiation codon of pdx1
(pdx1-MO: 5 V- GATAGTAATGCTCTTCCCGATTCAT ),
previously shown to specifically alter zebrafish pancreas
development (Yee et al., 2001). Morpholino oligonucleo-
tides (GeneTools) were reconstituted as 1 mM stock sol-
utions in Danieau’s buffer (Westerfield, 2000) and diluted
to 250 or 500 AM in Danieau’s buffer for injection. Single-
cell stage embryos were transferred to a molded agarose
injection dish and approximately 2 to 5 ng of each
morpholino were microinjected into the yolk of each
embryo.
Whole-mount in situ hybridization, immunofluorescence,
and histology
Whole-mount in situ hybridization of Danio rerio em-
bryos was performed using digoxigenin- and fluorescein-
labeled antisense riboprobes (Roche). Probes against trypsin
(5 V-GAAGGCTTTCATTCTTCTGGCTCTTT and 5 V-CA-
TGATAACGACCTCAAAACTTCCCC; 771 bp product)
and pdx1 (5 V-CGTGTCTTTATATGAGACAGGCACAT-
TC and 5 V-ATGTTTAAGAGTCTTGTTGGACTGAAGG;
645 bp product) were generated by RT-PCR from adult
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krox20, Hhex, and GATA6 have been previously described
(Biemar et al., 2001; Oxtoby and Jowett, 1993; Pack et al.,
1996). Probe detection was accomplished with NBT/BCIP
(Roche) and Vector Red (Vector Labs) chromophores
essentially as previously described (Jowett, 2001). Whole-
mount immunofluorescence was performed as follows:
dechorionated embryos were fixed in 4% paraformalde-
hyde, dehydrated in methanol, and then permeabilized with
0.1% collagenase. Embryos were incubated overnight in
10% goat serum with primary antibodies against insulin and
carboxypeptidase A (Linco Research), washed briefly, and
then incubated overnight in 10% goat serum with Cy2- and
Cy3-conjugated secondary antibodies (Jackson Labs). For
histology, embryos were embedded in JB-4 Plus plastic
resin (Polysciences); 3-Am-thick sections were cut and
counterstained with methylene blue and azure II (Pack et
al., 1996). Whole-mount embryos were photographed in
75% glycerol using a Leica Stemi 2000-CS dissecting
microscope. Confocal analysis of whole-mount immunoflu-
orescence embryos was performed on a Zeiss LSM 410
microscope. Images were composed in Adobe Photoshop
v7.0 (Adobe). Except where noted, at least 15 embryos
were examined in each whole mount or histologic analysis.Fig. 2. Early ptf1a expression in zebrafish occurs in neural precursors, with later re
expression at 24 hpf reveal low-level expression in the developing hindbrain. (C) T
ptf1a (blue) demonstrates highest levels of ptf1a expression in rhombomeres 2
demonstrate peak neural expression in hindbrain, rhombic lip and retinal anlagen.
that surrounds the embryonic islet (arrow). Endodermal ptf1a expression at 48 hp
dorsal oblique views at 72 hpf demonstrate ptf1a expression throughout the exocrin
expression (I). Exocrine pancreas at 72 hpf is located to the right of midline, an
embryonic islet), and a narrow body extending caudally. r2 to r5, rhombomeres 2Results
Cloning of the zebrafish ptf1a ortholog
The zebrafish ortholog ptf1a was cloned using poly-
merase chain reaction (PCR) with degenerate primers
designed from an alignment of known human, mouse
and rat Ptf1a sequences. A single full-length cDNA
product was obtained from these PCR products using 5V
and 3V RACE. The full-length zebrafish ptf1a coding
sequence is available as GenBank accession number
AY245546. Subsequent comparison to recently released
zebrafish genomic sequence revealed that the genomic
ptf1a locus is contained in CHORI library clone CH211-
142H2. As in mammals, the zebrafish ptf1a gene is
compose of two exons and a single intron. There is
considerable conservation of deduced peptide sequence,
with 77% amino acid identity between zebrafish and
human orthologs. Notably, there is 100% peptide sequence
identity within the basic helix–loop–helix DNA binding
domain (Fig. 1A).
To test for conservation of protein function, we co-
transfected 293 cells with zebrafish ptf1a, human E47, and
PTF1-luc, a firefly luciferase reporter driven by a 4striction to the exocrine pancreas. (A) Dorsal and (B) lateral views of ptf1a
wo-color in situ with krox20 (red), which marks rhombomeres 3 and 5, and
and 3. (D) Dorsal and (E) coronal views of ptf1a expression at 48 hpf
In addition, by 48 hpf ptf1a is expressed in an annular region of endoderm
f replicates the expression domain of trypsin (F). (G) Dorsal and (H) left-
e pancreas; this expression pattern also coincides with the pattern of trypsin
d composes an annular head (with a central clearing corresponding to the
through 5; SB, swim bladder. Dotted line designates midline in (E).
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promoter (Obata et al., 2001). In vitro analysis has
previously demonstrated that efficient transactivation of
PTF1 targets requires dimerization of E47 and PTF1a-p48,
which bind adjacent, canonical E-box and A-box sites in
the PTF1 recognition motif (Obata et al., 2001). Cells
were also transfected with a consistent amount of Renilla
luciferase as a control for transfection efficiency, and
PTF1-induced luciferase activity defined as the ratio of
firefly to Renilla luminescence. Transfection of cells with
PTF1-luc alone or PTF1-luc plus human E47 resulted in
low-level luciferase activity. As an additional negative
control, addition of the pancreatic transcription factor
PDX-1 did not further increase luciferase activity, reflect-
ing the specificity of the reporter construct for PTF1
function. Addition of either rat or zebrafish ptf1a ortho-
logs resulted in high-level luciferase activity, indicating
that the zebrafish ortholog, in the presence of mammalian
E47, is able to efficiently transactivate the mammalian
PTF1 motif (Fig. 1B). These results confirm the identified
zebrafish sequence as a functional ortholog of mammalian
Ptf1a.Fig. 3. Ptf1a-positive exocrine pancreatic precursors are temporally and spatial
zebrafish development. (A, A’) At 36 hpf, the endodermal ptf1a domain is clear
midline insulin-positive islet, which has consolidated by 24 hpf. (B, B’) At 40 hpf
toward the distinct midline insulin-positive islet. (C, C’) By 48 hpf ptf1a is express
positive islet. (D) to (F) Coronal sections of embryos processed by whole-moun
precursors. (D) At 32 hpf, ptf1a is expressed in ventral and left lateral endoderm, in
easily recognizable, and ptf1a expression is now found in isolated cells of the vent
ptf1a expression is largely confined to exocrine pancreas, but persists in a few cells
Red dotted lines outline gut and, when present, pancreatic duct. Black dotted linDevelopmental expression of zebrafish ptf1a
We examined the expression pattern of ptf1a during
zebrafish embryonic and larval development using whole-
mount in situ hybridization. Zebrafish ptf1a transcripts are
first detectable at 24 hpf (hours post fertilization), in the
developing hindbrain. Two-color in situ hybridization with
krox20 (n = 9), which is specifically expressed in rhombo-
meres 3 and 5 (Oxtoby and Jowett, 1993), suggests that
ptf1a is expressed broadly in developing hindbrain and is
most abundant in rhombomeres 2 and 3 (Figs. 2A–C).
Neural ptf1a expression peaks at 48 hpf, at which point
transcripts are found in hindbrain, rhombic lip, and optic
precursors (Fig. 2D). Neural transcripts are nearly undetect-
able by 72 hpf (Figs. 2G–H). This early, transient neural
expression recapitulates the pattern seen in developing
mouse (Obata et al., 2001).
In addition to prominent neural expression, at 48 hpf,
there is also a clearly defined region of ptf1a-positive
endoderm (Figs. 2D and E). This region replicates the
trypsin expression domain at this stage (Fig. 2F). At 48
hpf, the exocrine pancreas represents a population of cells
iology 270 (2004) 474–486ly segregated from insulin-positive endocrine precursors throughout early
ly defined at the left lateral border of the embryo, and is distinct from the
, the endodermal ptf1a domain can be seen to enlarge and expand medially
ed in an annular region of endoderm encircling and overlapping the insulin-
t in situ hybridization for ptf1a reveal the histologic identity of exocrine
cluding cells of the newly organizing gut tube. (E) By 38 hpf, the gut tube is
ral gut tube as well as in endoderm more ventral and medial. (F) By 48 hpf,
of the main pancreatic duct. No ptf1a expression is seen in gut by this stage.
es mark position of midline.
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annular pattern on two dimensional projections. At 72 hpf,
ptf1a transcripts are found throughout the endodermal
region corresponding to exocrine pancreas, duplicating the
trypsin expression pattern (Figs. 2G–I). Thus, as in mam-
mals, zebrafish ptf1a expression is restricted to the exocrine
pancreas following an early period of transient neural
expression.
To further investigate the relationship between endocrine
and exocrine precursors in developing zebrafish pancreas,
we examined ptf1a expression in conjunction with the
differentiated islet marker insulin. In whole-mount embryos,Fig. 4. Ptf1a morphants fail to form an exocrine pancreas, while endocrine differen
for insulin (red) and trypsin (black) in embryos injected with ptf1a-5bp-MO at (A
appearance, with a single embryonic insulin-positive islet surrounded by a trypsi
morpholino have no detectable exocrine pancreas at either 80 hpf (C) or 9 dpf (D
embryos. These results are confirmed at the protein level by whole-mount confoca
(green) and carboxypeptidase A (red). (E) Control embryos have a wild-type panc
producing exocrine pancreas and retain a normal insulin-producing islet. Coronal se
and glucagon (red) reveal normal islet organization in morphants. Both (G) co
peripheral glucagon-producing cells.endodermal ptf1a transcripts are first detectable between 32
and 34 hpf, well after the appearance of detectable insulin
transcripts at the 10 somite stage (Biemar et al., 2001) and
the appearance of immunoreactive insulin protein at 24 hpf
(Argenton et al., 1999). These early ptf1a-positive cells are
in the left ventrolateral anterior endoderm. This domain of
ptf1a expression shifts medially over the next 12 h of
development, until it envelops the embryonic islet on the
right side of midline (Figs. 3A–C). Histologic sections of
32 hpf embryos processed by whole-mount in situ hybrid-
ization reveal early ptf1a expression in ventral and lateral
endoderm, including a small number of cells in the ventro-tiation and organization are undisturbed. Whole-mount in situ hybridization
) 80 hpf and (B) 9 days post fertilization demonstrate a normal pancreatic
n-positive exocrine pancreas. In contrast, embryos injected with ptf1a-MO
). The insulin-positive islet in morphants is indistinguishable from control
l microscopy of 80 hpf embryos stained by immunofluorescence for insulin
reatic appearance, while (F) morphant embryos lack a carboxypeptidase A-
ctions of 80 hpf embryos stained by immunofluorescence for insulin (green)
ntrol and (H) morphant islets contain central insulin-producing cells and
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ptf1a expression is prominent in the exocrine anlage sur-
rounding the islet, but present in only a few cells of the
developing main pancreatic duct and absent from the gut
tube (Figs. 3E and F). These data indicate that ptf1a-positive
exocrine precursors and insulin-positive endocrine elements
are both temporally and spatially segregated during zebra-
fish embryogenesis.
Morpholino knockdown of ptf1a affects exocrine but not
early endocrine development
The fact that endodermal ptf1a transcripts appear only
after zebrafish principal islet formation is complete suggests
that teleost principal islet development may occur indepen-
dently of ptf1a gene function. To further examine the
functional role of ptf1a, we evaluated a loss-of-function
morphant phenotype induced by two non-overlapping anti-
sense morpholino oligonucleotides, one targeted against the
ptf1a initiation codon (ptf1a-MO) and one targeted 44bp
upstream (ptf1a-MO2); both morpholinos give identical
phenotypes, and therefore only results using ptf1a-MO are
presented. Morphant embryos were compared with clutch-
mates injected with a control oligonucleotide (ptf1a-5bp-
MO) mismatched from ptf1a-MO in five base positions.
Neither control (n = 46) nor morphant (n = 55) embryos
demonstrated gross evidence of developmental delay in the
first 96 hpf, as assessed by somite formation, cardiovascular
development, and head-trunk angle. Gross morphology,
embryo length, and swimming behavior also appeared
normal in both control (n = 38) and morpholino (n =55)Fig. 5. Ptf1a morphants have disrupted endodermal (but not neural) ptf1a expressio
ptf1a (black) and insulin (red) in ptf1a-5bp-MO-injected embryos at (A) 38 hp
hindbrain, optic anlagen and endoderm. The endodermal signal at 38 hpf (arrowhe
48 hpf. (C) In contrast, 38 hpf ptf1a-MO morphant embryos fail to mature the end
By 48 hpf, morphants have no detectable ptf1a expression in the endoderm. (E)
exocrine cell mass and a visible main pancreatic duct (arrowheads). (F) Coronal
persistent pancreatic duct rudiment (arrowhead). SB, swim bladder.injected groups through 9 days post fertilization (data not
shown).
Examination of 80 hpf embryos by whole-mount in situ
hybridization for insulin (n = 24) and trypsin (n = 92)
revealed normal pancreatic morphology in embryos injected
with the control ptf1a-5bp-MO oligonucleotide. In contrast,
embryos injected with either ptf1a-MO or ptf1a-MO2 had a
complete, selective loss of trypsin-positive cells (n = 146
and 48, respectively), while, insulin-positive cell mass and
islet organization remained normal (Fig. 4; n = 46 and 17,
respectively). Although the effect of morpholino knock-
down is unlikely to persist beyond 5 days post fertilization
(dpf) (Nasevicius and Ekker, 2000; Nutt et al., 2001),
examination of 9 dpf embryos demonstrated continued
absence of trypsin expression in all morphants (n = 18),
suggesting a critical window during early development in
which PTF1a is required for exocrine pancreatic develop-
ment (Figs. 4B and D).
The selective absence of exocrine pancreas in ptf1a
morphants was confirmed at the protein level by confocal
analysis of embryos processed by whole-mount immuno-
fluorescence for insulin and carboxypeptidase A. At 80
hpf, control embryos have a characteristic pancreatic ap-
pearance (Fig. 4E). In contrast, morphant embryos com-
pletely lack detectable carboxypeptidase A-producing cells,
but have a normal insulin-producing cell mass (Fig. 4F).
Normal islet organization was also maintained, with an
insulin-producing cell core and glucagon-producing cell
periphery in both control (n = 10) and morphant (n = 12)
embryos (Figs. 4G and H). At 80 hpf, ptf1a morphants
lack histologically identifiable exocrine parenchyma, butn and a rudimentary pancreatic duct. Whole-mount in situ hybridization for
f and (B) 48 hpf demonstrate a wild-type appearance, with expression in
ad) has enlarged and begun to medialize, and surrounds the midline islet by
odermal expression domain (arrowhead); the neural signal is unaffected. (D)
Coronal sections of 80 hpf controls reveal normal anatomy, with a large
sections of 80 hpf morphants reveal an absence of exocrine pancreas and a
Fig. 6. Morpholino knockdown of ptf1a does not perturb hepatic or
intestinal precursors, but does alter the pdx1 expression domain. Whole-
mount in situ hybridization for embryos injected with ptf1a-5bp (A, C, E)
or ptf1a (B, D, F) morpholinos. (A) Control embryos demonstrate a normal
pattern GATA6 expression at 72 hpf, with labeling of exocrine pancreas
(arrowhead), as well as hepatic and intestinal precursors. (B) Morphants
have preserved intestinal and hepatic GATA6 expression domains, but
selectively lack exocrine pancreas. (C) The organized expression of Hhex at
48 hpf in thyroid (arrow) and hepatic (arrowhead) precursors of control
embryos is not significantly altered in morphants (D). Examination of pdx1
expression in 48 hpf (E) control-injected and (F) morpholino-injected
embryos reveals that morphants lack a normal ‘‘stalk’’ (arrow) of pdx1-
positive cells connecting the lateral pdx1 endoderm (gut) with the islet
(arrowhead).
J.W. Lin et al. / Developmental Biology 270 (2004) 474–486 481do bear a pancreatic duct rudiment that resembles the
dorsal pancreatic duct remnant seen in Ptf1a-/-mice (Figs.
5E and F). Preservation of islet mass and organization in
zebrafish ptf1a morphants, however, contrasts with the
pancreatic phenotype of Ptf1a/ and Ptf1aCre/Cre mice,
in which a reduced number of endocrine cells are found
and morphologically recognizable islets are not observed
(Kawaguchi et al., 2002; Krapp et al., 1996).
To further clarify the role of ptf1a in exocrine develop-
ment, we examined ptf1a expression in ptf1a morphants. As
morpholino mediated knockdown does not directly interfere
with gene expression, this approach allowed us to deter-
mine whether development of endoderm that normally
expresses ptf1a is dependent upon PTF1a protein. As
expected, initial expression of ptf1a is independent of its
translated protein; the appearance of ptf1a-positive cells in
32 hpf morphant endoderm is normal in timing and location
(not shown). In control embryos, the ptf1a expression
domain enlarges and approaches the midline by 38 hpf
(Fig. 5A). In contrast, endodermal ptf1a expression in 38
hpf morphants remains unchanged from its 32 hpf appear-
ance (Fig. 5C). Furthermore, maintenance of these ptf1a
transcripts does appear to be dependent upon ptf1a gene
function, as 48 hpf ptf1a morphants lack ongoing endoder-
mal ptf1a expression (Figs. 5B and D).
To exclude a generalized defect in endoderm develop-
ment as a result of ptf1a knockdown, we analyzed expres-
sion of GATA6 and Hhex, transcription factors known to be
expressed in developing endoderm (Pack et al., 1996;
Wallace et al., 2001). GATA6 is expressed in the liver,
swim bladder, exocrine pancreas, and intestinal epithelium
of 72 hpf wild-type and control-injected embryos (Fig. 6A).
Ptf1a morphants retain a normal pattern of hepatic, swim
bladder, and intestinal GATA6 expression, but as expected,
have no detectable GATA6 expression in the region of the
exocrine pancreas (Fig. 6B). Hhex is expressed in the liver
as well as the developing thyroid of 48 hpf embryos
(Wallace et al., 2001). The organized expression of Hhex
is not significantly altered between control and morphant
clutchmates (Figs. 6C and D).
Functional interplay between ptf1a and pdx1 in developing
zebrafish pancreas
Given the important role of Pdx1 in murine pancreatic
development, exemplified by the failure to generate differ-
entiated endocrine and exocrine cell types in Pdx1 null mice
(Jonsson et al., 1994), we addressed the relationship be-
tween pdx1 and ptf1a in developing zebrafish pancreas.
Two-color whole-mount in situ hybridization of 36 hpf
embryos (n = 8) demonstrated overlapping domains of ptf1a
and pdx1 expression within endoderm rostral to the pancre-
atic islet (Fig. 7A). Similar analysis revealed overlap be-
tween the rostral domain of ptf1a expression and the caudal
extent of Hhex expression at 36 hpf (n = 9; data not shown).
At this stage, ptf1a-positive cells are largely rostral to thegut tube (intestinal anlage) and lateral to the future position
of the esophagus and swim bladder (Wallace and Pack,
2003).
Based on these overlapping early expression patterns, we
sought to determine the functional relationship between
pdx1 and ptf1a by analysis of both ptf1a and pdx1 morphant
embryos. Examination of the pdx1 expression pattern in 48
hpf control embryos revealed a typical appearance, com-
prising a left lateral stripe of intestinal-fated endoderm, a
spherical midline signal (pancreatic islet), and a narrow stalk
of pdx1-positive endoderm connecting the two (Fig. 6E).
Histologic analysis identified this stalk as the nascent
pancreatic duct (data not shown). Ptf1a morphant embryos
retain pdx1 expression in intestinal and islet endoderm, but
lack any communicating stalk, suggesting that normal
development of this pdx1-positive region is ptf1a-dependent
(Fig. 6F). Histological cross-sections further confirmed the
lack of a recognizable pancreatic duct in 48 hpf morphants
Fig. 7. Evaluation of interactions between ptf1a and pdx1. (A) Deyolked 36 hpf embryo stained by two-color whole-mount in situ hybridization for pdx1 (red)
and ptf1a (black) transcripts. Pdx1 is expressed in a left lateral stripe of endoderm (arrowheads) and in the embryonic islet (arrow). (B) to (E) Effect of pdx1
knockdown on ptf1a expression. (B) Insulin expression in control clutchmates at 32 hpf consists of an intense, well-demarcated spherical signal. (C)
Morpholino knockdown of pdx1 results in elimination of (not shown) or decrease and disorganization of insulin expression (as shown). In contrast, no
differences in ptf1a expression are observed between 32 hpf control clutchmates (D) and pdx1 morphants (E). (F) to (K) Effect of superimposed ptf1a
knockdown on recovery of islet mass in pdx1 morphants; whole-mount immunofluorescence for insulin (green) and carboxypeptidase A (red). Islet appearance
at 48 hpf is normal in control embryos (F) but insulin-producing cells are disorganized and reduced in embryos injected with both a pdx1 morpholino and either
ptf1a-5bp-MO (G) or ptf1a-MO (H). (I) to (K) By 5 dpf, the islet phenotype significantly recovers in all three groups. No carboxypeptidase A-positive exocrine
pancreas is seen in the presence of ptf1a-MO (K).
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observed by 80 hpf in ptf1a morphants, which may reflect
decreasing effectiveness of morpholino knockdown in late
development (Fig. 5F).
Consistent with previous reports (Huang et al., 2001; Yee
et al., 2001), morpholino knockdown of pdx1 led to either
early absence (29/55) or decrease and disorganization (26/
55) of insulin-positive cells (Figs. 7B and C). The onset,
location and intensity of early ptf1a expression, however,
were unaffected in 32 hpf pdx1 morphants (n =32) when
compared to control clutchmates (n = 28), suggesting that
early generation of ptf1a-positive pancreatic precursors is
pdx1-independent (Figs. 7D and E). These results are
consistent with the ability of Pdx1/ mice to drive expres-
sion from a 12-kb segment of the murine Ptf1a promoter
(Kawaguchi et al., 2002), implying ongoing Ptf1a promoter
activity in the absence of Pdx1. By 48 hpf, however,
expression of ptf1a and trypsin was reduced in pdx1morphants (data not shown), consistent with previous
reports that pdx1 is required for complete realization of an
exocrine developmental program in zebrafish (Yee et al.,
2001).
An important feature of pdx1 knockdown in zebrafish is
recovery of the pancreatic islet to a wild-type appearance by
5 dpf. Previous work analyzing BrdU incorporation sug-
gested that proliferating cells in these pancreata were in the
exocrine pancreatic compartment (Yee et al., 2001). To
determine whether this islet recovery depends upon ptf1a-
dependent pancreatic precursors, we analyzed pdx1-MO +
ptf1a-MO double-knockdown embryos (co-morphants, n =
112) as compared to ptf1a-5bp-MO controls (n = 79) or
pdx1-MO + ptf1a-5bp-MO single morphants (n = 85). At 48
hpf, embryos injected with pdx1-MO had a disorganized,
reduced, or absent insulin-producing cell mass (Figs. 7F–
H). By 5 dpf, the insulin-producing cell mass had signifi-
cantly recovered in all three groups, with only a subtle,
Table 1
Anterior insulin-producing cells are less frequently observed in ptf1a
morphants
ptf1a-5bp-MO Ptf1a-MO
76 hpf
Whole-mount ( P < 0.001) 79/266 (30.0%) 29/220 (13.2%)
Histology ( P = 0.007) [12/19] (63.2%) [7/29] (24.1%)
80 hpf
Whole-mount ( P < 0.001) 18/33 (54.6%) 6/45 (13.3%)
Control and ptf1a morphant embryos at 76 or 80 hpf were scored for the
presence of endocrine cells outside the principal islet after staining by
whole-mount immunofluorescence for insulin. Numbers in brackets report
embryos further analyzed as 3 Am histologic sections, a more sensitive
technique for detecting single, isolated insulin-producing cells. P values are
computed from comparisons of proportions using binomial statistics.
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MO single-knockdown and pdx1-MO + ptf1a-MO double-
knockdown embryos (Figs. 7I–K). These results suggest
that the mechanisms underlying recovery of the islet phe-
notype in 5 dpf pdx1 morphants are largely resistant to
superimposed morpholino knockdown of ptf1a. Uncertainty
regarding the longevity of effective morpholino knockdown,
however, leaves open the possibility of a role for ptf1a in
this process.Fig. 8. Anterior endocrine cells are reduced in ptf1a morphants. 76 hpf embryos p
presented as whole-mounts (A–C; insets are magnified views of islet) or as brigh
Anterior endocrine cells (arrows) are commonly found in ptf1a-5bp-MO control em
present in a minority of embryos (C); linear punctuate signals represent non-specifi
(arrows) are found near the track of the extra-pancreatic duct (arrowheads); the bulk
this section. (E, E’) The majority of ptf1a morphants lack anterior endocrine cells
duct rudiment (arrows). SB, swim bladder.Late formation of anterior endocrine cells is
ptf1a-dependent
Recent work by Field et al. has identified a late-
appearing population of insulin-, glucagon- and somato-
statin-positive cells in 76 hpf zebrafish embryos. These
anterior endocrine cells are recognized by their ‘‘ectopic’’
location outside the early-forming principal islet, and
segregate with the anterior, exocrine pancreatic anlagen
in heart and soul (has) mutants (Field et al., 2003). Given
these important distinctions between late-appearing endo-
crine cells and cells of the principal islet, we examined
ptf1a morphants for the presence of anterior endocrine
cells.
Examination of whole-mount embryos stained by immu-
nofluorescence for insulin-producing cells identified anteri-
or endocrine cells in 30.0% (79/266) of 76 hpf and 54.6%
(18/33) of 80 hpf ptf1a-5bp-MO control embryos. These
cells were found in only 13.2% (29/220) of 76 hpf and
13.3% (6/45) of 80 hpf ptf1a-MO embryos (P < 0.001;
Table 1, Figs. 8A–C). Analysis of histologic sections, a
more sensitive technique for detecting single, isolated insu-
lin-producing cells, identified anterior endocrine cells in
63% (12/19) of control embryos but only 24% (7/29) of
morphants (P = 0.007; Table 1). This reduced prevalence
iology 270 (2004) 474–486 483rocessed by immunofluorescence for insulin (green) and glucagon (red) and
t field (D–F) and immunofluorescent (D’–F’) images of identical sections.
bryos (A). In ptf1a-MO morphants these cells are usually absent (B), but are
c staining of notochord. (D, D’) In control embryos, anterior endocrine cells
of the right-sided, insulin- and glucagon-producing islet is located caudal to
, but when present (F, F’) they are usually found in proximity to pancreatic
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endocrine cells is, at least in part, ptf1a-dependent. Com-
pared to the uniform absence of exocrine pancreas observed
in ptf1a morphants, the lower penetrance of this anterior
endocrine phenotype may reflect partial loss of morpholino
effect by 76 hpf.
To more precisely characterize the location of anterior
endocrine cells observed in most controls and in a fraction
of ptf1a morphants, additional histologic analysis was
performed. In 76 hpf wild-type and ptf1a-5bp-MO embryos,
anterior insulin-producing and glucagon-producing cells are
found within exocrine pancreatic parenchyma, typically in
proximity to the histologically identifiable main pancreatic
duct (Figs. 8D and E). In those 76 hpf ptf1a morphants in
which anterior endocrine cells do arise, anterior endocrine
cells are most often found in similar proximity to the
pancreatic duct rudiment (five of seven embryos; Fig. 8F),
but occasionally on the ventral surface of swim bladder
epithelium (two of seven embryos; data not shown). No
insulin- or glucagon-producing cells were detected within
the histologically recognizable epithelia of pancreatic duct,
gut, or swim bladder.Discussion
As with pdx1 (Milewski et al., 1998; Yee et al., 2001),
both the structure and function of the basic helix–loop–
helix transcription factor ptf1a are conserved across verte-
brate species. In mice, Ptf1a transcripts are detectable as
early as E9.5 throughout the emerging dorsal and ventral
pancreatic buds (Obata et al., 2001), and Cre-mediated
lineage tracing has demonstrated that all mature acinar cells
express Ptf1a in their ontogeny (Kawaguchi et al., 2002).
Ptf1a also marks exocrine precursors in Danio rerio. Endo-
dermal expression of zebrafish ptf1a is first apparent at 32
hpf within pdx1-positive left lateral endoderm. The ptf1a
expression domain shifts medially in concert with the
developing pancreatic duct, engulfs the embryonic islet,
and ultimately is restricted to differentiated exocrine pan-
creas. Based on histologic and whole-mount comparisons,
these ptf1a-positive cells likely constitute the anterior,
ventral pancreatic anlage recently identified in gutGFP
transgenic fish (Field et al., 2003). Together, these data
suggest that ptf1a-positive exocrine precursors and insulin-
positive endocrine elements diverge before the onset of gut
tube formation (Wallace and Pack, 2003). This model of
pancreatic morphogenesis differs considerably from that
described in mammals, in which exocrine and endocrine
progenitors derive from common epithelial buds (Slack,
1995).
This spatial shift of ptf1a expression may represent a
targeted migration of exocrine precursors from lateral pdx1-
positive endoderm toward the embryonic islet. Given the
expression of ptf1a in a small number of cells of the rostral
intestinal anlagen, such a migration might present a zebra-fish correlate to the pancreatic buds of higher vertebrates,
which elaborate into and within adjacent mesenchyme.
Formal lineage tracing will be required to clarify the origin
of these exocrine precursors, and to accurately map all
mature cell types that derive from these ptf1a-expressing
cells.
As in mice (Krapp et al., 1998), targeted inactivation of
ptf1a function in zebrafish leads to a complete failure of
exocrine pancreatic development. In contrast to the mouse
Ptf1a null phenotype, however, differentiation and organi-
zation of the principal islet are unperturbed in zebrafish
ptf1a morphants. Therefore, the zebrafish exocrine pancreas
and principal islet appear to represent ptf1a-dependent and
ptf1a-independent lineages, respectively.
While ptf1a is not required for initial formation of the
principal islet, this process does require pdx1 (Yee et al.,
2001). The mechanism underlying recovery of the principal
islet at 5 dpf in pdx1 morphants is unknown, although
gradual loss of knockdown efficiency and subsequent
endocrine cytodifferentiation are likely involved. Recovery
of the principal islet at 5 dpf appears to be largely resistant
to superimposed knockdown of ptf1a, although uncertainty
regarding knockdown longevity leaves open the question
of whether more durable inactivation of ptf1a (e.g., germ-
line mutation) would perturb islet recovery. In contrast to
principal islet development, the reduced frequency of late-
appearing, anterior endocrine cells in ptf1a morphants
suggests that development of these cells is, at least in part,
ptf1a-dependent. This dependence is consistent with the
observation that late-appearing insulin-positive cells appear
in association with exocrine pancreatic anlagen in heart
and soul mutants (Field et al., 2003). The ontogeny and
fate of these anterior endocrine cells, as well as the
ontogeny of accessory islets of adult zebrafish, remain
unknown. It will be interesting to determine whether
ptf1a-dependent pancreatic precursors in zebrafish do in
fact contribute to endocrine lineages (e.g., anterior endo-
crine cells, accessory islets) and to compare these precur-
sors to mammalian ptf1a-dependent precursors, which
contribute to both exocrine and endocrine lineages in the
mouse (Kawaguchi et al., 2002).
Additional phylogenetic comparisons allow these
results to be considered in a broader evolutionary context.
Protochordates, evolutionary predecessors to the earliest
vertebrates, possess a complex enteroendocrine system in
which insulin-, glucagon-, somatostatin-, and pancreatic
polypeptide-secreting cells are scattered throughout the
gastrointestinal tract (Falkmer, 1985). An extraintestinal
islet organ is first seen in agnathans, the jawless fish. In
hagfish, the most primitive extant vertebrate, exocrine
zymogen-producing cells remain scattered throughout the
primitive liver and gastrointestinal tract (Falkmer and
Wilson, 1964; Youson and Al-Mahrouki, 1999). Only in
holocephalan cartilaginous fish and higher vertebrates does
the endocrine organ become associated with surrounding
exocrine pancreas (Falkmer, 1985). Zebrafish pancreas
J.W. Lin et al. / Developmental Biology 270 (2004) 474–486 485could therefore represent an early prototype in the pro-
gressive affiliation of endocrine and exocrine pancreas
during vertebrate evolution, in which more recently ac-
quired ptf1a-dependent mechanisms have been superim-
posed upon an ancient ptf1a-independent enteroendocrine
developmental program. In the mouse, it is important to
note that a small subset of endocrine cells remain unla-
beled in Ptf1aCre/+ pancreas, and that remnant endocrine
cells observed in Ptf1aCre/Cre mice are largely unlabeled by
Cre activity (Kawaguchi et al., 2002). These findings
suggest that murine endocrine cells derive from two
distinct precursor pools: one that requires Ptf1a during
its ontogeny, and a second that does not. While a Ptf1a-
dependent endocrine precursor pool seems to predominate
in the mouse, only a small fraction of endocrine cells
appear to be ptf1a-dependent in developing zebrafish
pancreas. These observations suggest a progression toward
an increasingly ptf1a-dependent program of endoderm
differentiation during vertebrate evolution.
A perspective that delineates pancreatic lineages based
on molecular regulators may prove more informative in
understanding the relationships between zebrafish and
mammalian pancreatic development than comparisons
based on morphogenetic events and structures. Divergences
between mouse and zebrafish in the phenotype of gata-5/
gata-4 mutants (Wallace and Pack, 2003) and in the
requirement for endothelial signals (Field et al., 2003;
Lammert et al., 2001) or Hedgehog signaling (diIorio et
al., 2002; Hebrok et al., 2000; Wallace and Pack, 2003) in
pancreatic development potentially reflect gross divergen-
ces in embryonic body plan and endoderm organization
(Wallace and Pack, 2003; Warga and Nusslein-Volhard,
1999). In contrast, cell autonomous molecular regulators
functioning upstream and downstream of ptf1a are likely to
be conserved despite changes in body plan, and thus may
be fruitfully studied through comparison of ptf1a-dependent
and -independent pancreatic lineages across vertebrate
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